Proper manure and nutrient management is essential to ensure maximum crop production while reducing the risk of N losses. There is concern, that fall application of liquid swine manure can lead to economic and environmental concerns due to potential for losses of nitrate. Thus, the objective of this study was to evaluate the impact of application timing (fall vs. spring) and use of NZoneMax applied with liquid swine manure (LSM) or urea had on nitrogen loss. The study was conducted as a laboratory soil incubation over 35-days with leaching performed on days 3, 7, 10, 14, 21, 28, and 35. Treatments included a control soil receiving no nitrogen application and treatments of LSM or urea fertilizer applied at a rate of 168 kg N/ha (150 lb N/acre) applied with and without NZoneMax, tested on two different Iowa soils, and simulating a spring and fall application. In the spring application soil incubations began immediately after fertilizer application occurred, for the fall applications fertilizer sources were added soils were placed in a freezer for 3 months and then brought to room temperature where they were incubated for 35 days. Results indicated that application timing, nitrogen source, additive, and the application timing x nitrogen source factors were all significant with less nitrogen leaching occurring from the spring application, the manure as compared to the urea, and fertilizers receiving the NZoneMax treatment. In general, NZoneMax reduced nitrate leaching by 13% over the incubation while spring versus fall application reduced leaching by about 35%. Manure initially leached nitrogen more slowly than urea; however, by day 28 of the incubation the difference was no longer statistically significant. These results provide insight into how different fertilization choices may impact nitrogen loss. ABSTRACT. Proper manure and nutrient management is essential to ensure maximum crop production while reducing the risk of N losses. There is concern, that fall application of liquid swine manure can lead to economic and environmental concerns due to potential for losses of nitrate. Thus, the objective of this study was to evaluate the impact of application timing (fall vs. spring) and use of NZoneMax applied with liquid swine manure (LSM) or urea had on nitrogen loss. The study was conducted as a laboratory soil incubation over 35-days with leaching performed on days 3, 7, 10, 14, 21, 28, and 35. Treatments included a control soil receiving no nitrogen application and treatments of LSM or urea fertilizer applied at a rate of 168 kg N/ha (150 lb N/acre) applied with and without NZoneMax, tested on two different Iowa soils, and simulating a spring and fall application. In the spring application soil incubations began immediately after fertilizer application occurred, for the fall applications fertilizer sources were added soils were placed in a freezer for 3 months and then brought to room temperature where they were incubated for 35 days. Results indicated that application timing, nitrogen source, additive, and the application timing x nitrogen source factors were all significant with less nitrogen leaching occurring from the spring application, the manure as compared to the urea, and fertilizers receiving the NZoneMax treatment. In general, NZoneMax reduced nitrate leaching by 13% over the incubation while spring versus fall application reduced leaching by about 35%. Manure initially leached nitrogen more slowly than urea; however, by day 28 of the incubation the difference was no longer statistically significant. These results provide insight into how different fertilization choices may impact nitrogen loss.
INTRODUCTION
Nitrogen is an essential nutrient for plant growth, and though naturally present in soils must be supplemented in most agricultural production systems to sustain, food, feed and fiber production (Standford, 1982) . During the past 40-years greater public concern regarding the movement and loss of nitrogen from agricultural systems has developed due to water quality impacts such as the formation of hypoxia zones as well as concerns about drinking water quality (Christianson and Harmel, 2015) . This has led to greater public attention about the practices farmers are using to ensure they are being responsible stewards of the land, while themselves focusing on managing a business that can support them and their families. As pointed out by Goulding et al. (2007) nutrient management is a critical part of economic sustainability of agriculture, but historically the availability of low cost fertilizers has often allowed the over-application of fertilizers with little economic ramification. However, as fertilizer prices remained steady while crop prices have declined, farmers have paid particular attention to how their nutrient management decisions impact nutrient utilization efficiency and focused on fertilizer application as a means of helping reduce or controlling crop input costs (Gloy et al., 2015) .
Nitrogen can be lost from the soil by many mechanisms, with the most common modes being ammonia volatilization, nitrate leaching, and denitrification; this occurs to some level regardless of the amount, timing, and type of fertilizer added to the soil. When additional N fertilizers are land applied, they become part of the N cycle and often times modify the amount of available mineral nitrogen within the soil. In the nitrogen cycle, ammonification turns the N into ammonium (NH4+). NH4+ can either be directly taken up by plants or turned into nitrate (NO3-) through the process of nitrification. Although NO3-can also be taken up by plants, it is very mobile in soils and can easily be lost. Precipitation can cause NO3-to leach from the soil below the root zone, allowing the potential for contamination of natural waterways (Zerulla et al., 2001) . Denitrification is the step in the N cycle in which NO3-is reduced into nitrogen gas (N2) or nitrous oxide (N2O), which is a greenhouse gas that has a negative effect on air quality (Zerulla et al., 2001) . Most mineral fertilizers are introduced directly into the soil in the form of ammonia/ammonium, nitrate, or urea (which is generally quickly converted to ammonia). However, when animal manures are added, both organic nitrogen (proteins or amino acids) are added along with ammonium, potentially slightly delaying some of its availability.
Throughout the years, different management strategies and approaches have been considered to help reduce these loss mechanisms with different products and practices achieving differing levels of both successes in reducing certain loss mechanisms as well as acceptance by farmers for implementation (Mitsch et al., 2001; Christianson and Harmel, 2015) . For example, in the case of liquid or slurry animal manures, injection or immediate incorporation has become common practice on many farms due to its ability to substantially reduce nitrogen loss through ammonia volatilization as well as odor (Huijsmans et al., 2001) , the relative ease with which it can be implemented into most cropping systems, and the relatively low cost of implementation. With data from manure applicators in Iowa, data would suggest an added cost of approximately $0.003 per L ($0.01 per gallon) associated with injection (Andersen, 2015) as compared to surface application. However, despite the success of this management practice and the development of numerous others including cover crops, bioreactors, wetlands, and extended rotations, farmers are still seeking additional options, especially ones that can be quickly and easily implemented within their current production schemes to help them improve their nutrient management and economically reduce environmental impacts.
One such option that has received attention is the use of nitrification inhibitors or other nitrogen stabilization products that can be added to the applied fertilizer to reduce nitrogen loss or widen the window in which nitrogen fertilizer application would be acceptable and still provide relatively minimal losses while fully supporting crop production (Frame and Reiter, 2013) . The most commonly researched of these products has been nitrification or urease inhibitors, but other products have been proposed including stabilized fertilizers and slow-release fertilizers. Various types of nitrification inhibitors have been developed for the purpose of reducing Nitrosoma activity. Currently, the only nitrification inhibitors that are approved by the US EPA are Nitrapyrin, Dicyanodiamide and Dwell (5-ethoxy-3-trichloromethyl-1, 2, 4-thiadiazol); however, Dwell has not been marketed (Frye, 2005; Nelson and Huber, 1992) . Another inhibitor, 3,4-Dimethylpyrazole phosphate is approved and being marketed in parts of Europe, but has not been approved for use in the US ). However, other new products have been introduced including maleic-itaconic polymers as well as Ca-aminoethylpiperazine and Caheteropolysaccharids with modes of action and effectiveness that haven't yet been thoroughly documented in university evaluations. Although not documented, presumably these products could function as synthetic sorbents that make applied nitrogen less available to microbial enzymes for nitrification. Similar modes of nitrogen stabilization have been reported for natural sorbents such as clinoptilolite, a type of zeolite, (Ferguson and Pepper, 1987; Mackown & Tucker, 1985) , with the hope being that synthetic sorbents could prove more effective than their natural counterparts.
Developing these technologies for use with protecting nitrogen in animal manures is especially important as many times there are competing interests of getting manure application completed before the soil freezes for the winter, which forces some farmers to apply manure earlier, when soils are still warmer, than would be desired from a nutrient management and nitrogen utilization perspective. However, this earlier application is sometimes necessary to ensure that the storage is emptied during the available land application window to provide adequate storage capacity for manures generated prior to the next potential manure land application window. Thus, though early application may not be ideal from a nutrient management perspective, in some cases it represents a better environmental situation than an overflowing storage and direct discharge of manure to the environment.
As a result of these concerns, numerous companies have begun to market products that can be added to manures or other fertilizers to stabilize the added nitrogen and potentially increase its retention so that it can be utilized by crops later in the growing season. However, very little information is available about many of these products. Thus, the objective of this study was to quantify if and to what extent the addition of NZoneMax with liquid swine manure or urea reduced nitrate leaching, to compare leaching from swine manure and urea applied at the same application rate, and to evaluate differences in nitrogen leaching between a fall and spring fertilizer application.
MATERIALS AND METHODS
Two soils were collected in the fall (October) of 2015 after harvest. The first soil was collected from a Clarion loam soil (soil A) located just west of Ames, Iowa from a field that had been operated by a farmer in a corn-soybean rotation for at least the previous seven years. The second soil sample was obtained from near Sioux Center, Iowa and was an Ida silt loam soil (soil B). In this case the soil had been in corn or soybean production for at least the last 10 years. In both cases the previous crop had been soybean. At both sites soil was collected from the top 15-cm of the field, placed in a 19-L bucket and thoroughly mixed. Soil samples were brought back to the lab and their moisture content determined on a subsample and then used in the leaching experiment. These soils were selected to represent typical Iowa agriculture soils and for statistical analysis purposes was considered a random variable; that is, we chose to investigate performance over a range of soil conditions rather than focus on how different soil properties impacted leaching properties.
After determining the moisture content, 150-grams of soil, dry weight equivalent, were placed in 90 mm (4-inch) diameter plastic Buchner funnel tops that had Whatman A filter placed under the soil to prevent washout during leachate. Soil A was divided into 60 containers (10 treatments with 6 reps of each) while soil B was divided into 40 containers (10 treatments with 4 reps of each). Containers of each soil were then randomly assigned to groups of 6 for soil A and groups of 4 for soil B. Each group of soils was then divided in half, with half of the columns used to simulate fall fertilizer application and the other half used to simulate spring fertilizer application. Within each of these groups, columns were divided into subsets of 6 for soil A and subsets of 4 for soil B. Each of these subsets was then assigned a treatment of either control (no N source added, no treatment with NZoneMax), addition of liquid swine manure with or without NZoneMax, or addition of urea with or without NZoneMax. For this study our goal was to simulate a fertilizer application of 168 kg N/ha (150 lb N/acre), which is a typical rate for corn following soybean in Iowa. Swine manure for this study was obtained from a commercial swine finishing farm with deep-pit manure storage (no agitation at the time of sampling). Nitrogen content of the manure sample was measured using Kjeldahl digestion followed by steam distillation and titration. The nitrogen content was measured as 0.71% (59 lb N/ 1000 gallons) and for the purposes of this study was assumed to be 100% available during the first year. The manure sample was then divided into two parts with one part left unmodified; the other manure sample had NZoneMax added at a rate of 0.005 mL/g N (0.035mL per L of manure, achieved by serial dilution of NZoneMax in distilled water). The tip was cut off a pipette and 2.8 mL of manure was added to all treatments receiving manure, simulating a nitrogen application of 168 kg N/ha. For the urea treatments a urea solution was made mixing a solution of 0.24% N concentration from urea and then adding 5.5 mL of the resulting solution to the soil sample. This solution was divided into two, with half the solution being left as is and the other half receiving NZoneMax at a rate of 0.005 mL/g N (0.01 mL per L of solution achieved by serial dilution of NZoneMax).
After application of the treatments distilled water was added to all samples to bring the moisture content, by mass, to 0.25. This was done to bring the water filled poor space to approximate 50%. Half of the soil columns were placed on a lab bench, covered with plastic wrap to minimize evaporation, and left to incubate at room temperature (~21ºC) until they were periodically leached over a 35-day period (leaching on day 3, 7, 10, 14, 21, 28, and 35). The other half of the soil samples were placed in a cooler maintained at 4ºC for 1-week, then moved at moved to a freezer at -20ºC for 10-weeks, moved back to the cooler at 4ºC for an additional 1-week and then brought to the lab to be incubated at room temperature with periodic leaching on days 3, 7, 10, 14, 21, 28, and 35 following the same procedure as used for the spring application simulation. The incubation and leaching procedure is similar to that described by Stanford and Smith (1972) without an initial leaching on day 0, using greater masses of soil and leaching volumes, and not mixing the soil with sand.
During each leaching event 150 mL of distilled water was added to each of the soil columns. Leachate was allowed to drain from the column for approximately 4-hours (or until leaching ceased, whichever took longer). During each leaching event the mass of the leachate collection container before and after leachate collection was recorded, with the difference used to estimate the volume of leachate obtained. A 45-mL subsample of the leachate was collected in a plastic centrifuge tube and placed in a cooler at 4ºC until analysis, with analysis normally occurring within one week of sample collection. For this study nitrate in the leachate water was measured using an Oakton Ion 700 with nitrate electrode. The electrode probe was calibrated before analysis began and again after every 10-leachate samples using a 3-point calibration for nitratenitrogen concentrations of 1, 10, and 100 mg NO3-N/L. The nitrate concentration in the leachate solution was then recorded directly from the instrument. For each leaching event the cumulative amount of nitrogen lost was calculated by multiplying the leaching volume times the measured nitrate-nitrogen concentration for that sample and summed with the amount of nitrate-nitrogen previously lost. To help the data be more informative, data was normalized to show kg NO3-N leached per hectare.
DATA ANALYSIS
Data was analyzed in two ways; the first was through statistical analysis, while the second was by fitting a nitrogen mineralization model to the average results for each treatment. Statistical analysis was performed in JMP Pro 12.0.1 using a mixed model with factors of timing (fall vs. spring), soil (A vs. B, random effect), nitrogen source (manure vs. urea), and additive (None vs. NZoneMax) with all interactions of fixed effects included. A by day statement was used to get analysis for each of the dates when leaching occurred. This only allows comparison between treatments on any given leaching day and not between leaching days, but solves the issue of repeated measures on individual columns. In all cases results were considered statistically significant if the p-value was less than 0.05.
The second way the data was analyzed was to fit a nitrogen mineralization model to the data. We chose to use the simple exponential equation of Jones (1984) shown as equation 1. Within this model three parameters were estimated, the initial flushable nitrate concentration (N0), the active nitrogen fraction (nitrify-able nitrogen pool) N1, and the rate coefficient nitrification for nitrification of this pool (k). These coefficients are compared between treatments to better understand the impact the treatment effect had on nitrification. This model was chosen as it seemed to provide adequate fit while still being relatively simple and interpretable. (1)
RESULTS AND DISCUSSION
As per the treatment design there were three main factors that needed to be considered in the analysis, application timing, nitrogen source, and treatment with NZoneMax, along with their interactions. As soil was treated as a random factor it isn't included in the statistical summary shown in table 1, though all fixed factors and their interactions were included. Statistical results are summarized for each of the seven leaching days based on total cumulative nitrate-nitrogen leached through that leaching date. In our case the timing x additive, nitrogen source x additive, and the timing x nitrogen source x additive interactions where never statistically significant for any of the leaching days. The other factors (timing, nitrogen source, additive, and timing x nitrogen source) were significant for at least some of the leaching days.
As the timing x nitrogen source the first step of analysis focused on understanding what was causing the interaction to be significant and whether interpretation of main effects was still possible or if interpretation of simple means was required. The results of the timing x nitrogen effect are summarized in figure 1. What the results showed is that early, through the first 14 days of incubation nitrogen leaching differences between fall urea and fall manure was similar to that seen for spring urea and spring manure; however, starting at day 21 this trend began to change as the fall applied manure started to leach nitrogen more quickly than the fall applied urea, where as in the spring application the distance stayed relatively consistent. Our interpretation here is that the freezing process impacted the manure organic matter in the manure that promoted more rapid breakdown of the organic nitrogen near the end of this study. Though this interaction is interesting, most important for interpretation here is the fact that the interaction is due to relatively small differences which indicates that in general interpretation of main effects is appropriate. Results of the main effect on nitrogen application timing are summarized in figure 2. Significant differences generally suggested that spring application resulted in less cumulative nitrogen loss than from the fall applied fertilizer. This is consistent with what literature has shown (Randall and Sawyer, 2008) , but it should also be noted that the method used in this study results in some key differences with reality. In particular, though our soils went through an incubation period where they were frozen, no moisture was added during this time. This means that not only did no leaching occur in the fall, but also that there wasn't an initial flush of moisture through the soil other than the leaching events which were the same between both soils. Our results suggest that during the first leaching on day 3 there was more nitrogen flushed from soils that had received the fall application than from soils receiving the springtime application. However, by day 7 and continuing on through day 14 nitrogen losses from both application times where similar. However, by day 21 nitrogen losses where again higher from the fall applied fertilizer than from the spring applied fertilizer.
Just as importantly the nitrogen timings resulted in substantially different nitrogen mineralization curves. Model fitting was used to assess three parameters, the initial leachable nitrate fraction (N0), the leachable nitrify-able pool (N1), and the exponential coefficient (k) which can be used to determine a half-life of the nitrify-able pool. In this case the initial leachable pool was approximately 26 kg NO3-N/ha for the fall applied fertilizer/manure and only 4 kg NO3-N/ha for the spring applied fertilizer/manure, with nitrify-able pool sizes of 223 and 89 kg NO3-N/ha respectively. In both cases this corresponds to our statistical results which suggested higher initial nitrate loss from the fall applied fertilizer and the higher cumulative nitrogen loss on days 21, 28, and 35. However, the most noticeable difference between these two nitrate leaching curves is the overall shape of the curve. In the case of the fall applied fertilizer, this curve was approximately linear and the half-life was long relative to the length of the incubation, at approximately 41 days, which suggests the estimated nitrifyable pool (N1) in this case may not be accurate. In the case of the spring applied fertilizer the calculated half-life was much shorter at only 5.8 days. Overall these results would seem to suggest that either due to the freezing treatment or the long contact time of fertilizer with the soil during these freezing conditions, the nitrogen was more susceptible to nitrification and leaching loss than the spring applied fertilizer treatment. This may have been in part due to the freezing treatment causing breakdown and destabilization of soil aggregates, which resulted in more complete flushing of nitrogen within the soil.
As a way of further investigating this, a comparison between the control treatments that received no nitrogen application was considered (figure 3). In this case we saw similar trends to when the soils received nitrogen, though substantially lower nitrogen losses; however, there were a few key differences. Chief among them was that that the fall soil lost more nitrogen than the spring soil during every leaching event. Again models were fit to the date set that indicated an initial leachable pool of 25 and 6 kg NO3-N/ha in the fall and spring soils. These values were essentially the same as those found in the soils when they received fertilizer applications, which were 26 and 4 kg NO3-N/ha in the fall and spring soils respectively. Where the key differences showed up were in the size of the nitrifyable pool (N1) and to some extent the half-life of this pool. For these soils nitrifyable pool sizers were estimated at 50 and 30 kg NO3-N/ha for the unfertilized fall and spring fertilizers where as they were 223 and 79 kg NO3-N/ha when 168 kg NO3-N/ha were added. Half-lives 18 and 5 days respectively compared to the 41 and 6 days. One interesting fact of this data is that soils that received no nitrogen application leached about half as much nitrate as those receiving nitrate. The second main effect evaluated was the nitrogen source, in this case manure was compared to urea (figure 4). In both cases soils received the same intended nitrogen application rate of approximately 168 kg NO3-N/ha and thus the difference would suggest something about differences in nitrogen availability from manures and urea. On the day 3 leaching event there was no difference between nitrogen leaching from the manure or urea, but during the leaching events on days 7 through 21 statistically less nitrogen had been lost from the manure. By the leaching events on days 28 and 35 there was again no statistical difference. What this would appear to indicate that on day three loss was primarily controlled by soil properties, such as exchange sites for nitrogen, but that this gave way to fertilizer properties during the mid-portion of this soil incubation and that the organic matter in the manure (and organic nitrogen) was slower to mineralize and nitrify than the urea. However, by the end of the incubation this nitrogen too had mineralized and nitrified in the manure fertilized soils giving similar results. Again, nitrogen mineralization models were fit to these curves to gain better insight into the results. In this case results from the two models where similar with manure having 19 kg NO3-N/ha and urea having 21 kg NO3-N/ha initially extractable nitrate pool sizes and 108 and 99 kg NO3-N/ha nitrify-able pools sizes respectively. Half-lives were calculated as 16.7 and 14.4 days for the soil fertilized with manure than that fertilized with urea. These results would be similar to those expected, as some of the nitrogen in the manure was in organic form and would be more slow to nitrify and mineralize, while the added carbon in the manure could also cause some immobilization as the organic compounds are oxidized and microbial growth ensues. The final main effect that was evaluated was the use of the product NZoneMax to reduce nitrate leaching (figure 5). In this case our results showed that NZoneMax provided a consistent reduction in nitrogen leaching from the first leaching event through the leaching event on day 35 of the soil incubation. Our results suggested that nitrate-nitrogen leaching was reduced by about 8-10 kg NO3-N/ha during the incubation conducted as part of this study, with relatively consistent reduction from beginning to the end of the study. Otherwise, both leaching curves showed similar shapes and characteristics. Model fitting suggested a slightly lower initial pool when treated with NZoneMax (16 vs. 23.5 kg NO3-N/ha) and a slightly smaller nitrify-able pool (95.6 vs. 109.4 kg NO3-N/ha), but half-lives were similar at 13 days when treated with NZoneMax and 15 days with no treatment. This would seem to suggest a mechanism where the ammonium in the manure or urea interacts with bonding sites on the polymer in NZoneMax, which makes this nitrogen less available for microbial conversion to nitrate. 
CONCLUSIONS
Here we investigated three factors influencing nitrogen fertilizer application decisions; these being nitrogen application timing, nitrogen source comparing manure with urea, and the use of a nitrogen stabilization product (NZoneMax). Our results indicated fall manure increased opportunity for nitrogen leaching as compared to spring application, that manure initially slightly delayed nitrogen leaching compared to urea but with the impact gone by the end of the incubation, and that NZoneMax did reduce nitrogen leaching. However, the absolute magnitudes recorded in this study should be used with caution as they are indicative only of the laboratory conditions used in the simulation, that is carefully controlled temperatures and relatively harsh leaching conditions occurring at these pre-selected time intervals.
In particular, this work suggests significant differences between fall and spring applied fertilizer application, and yet under Iowa conditions most research has shown that waiting until university guidelines for proper application timing in the fall can minimize the impact of application timing. One way to gain some insight into what NZoneMax might be able to contribute is compare the magnitude of its reduction with that of fall versus spring application. In this case we see that that at the first leaching event NZoneMax was almost as effective (71%) as delaying nitrogen application until the spring; however, by the end of the incubation nitrogen application timing had a much larger impact with NZoneMax application being about 37% as effective as application timing. However, this impact is still much larger than the nitrogen source at changing nitrate-nitrogen leaching potential when applied to provide the same total nitrogen application rate. These offer some interesting points of comparison as both nitrogen application timing and the use of manure instead of other mineral nitrogen fertilizers are practices mentioned in the Iowa Nutrient Reduction strategy, which estimated practice effectiveness based on field testing in Iowa conditions and thus provides realistic bounds in what we should expect from NZoneMax under actual Iowa conditions. In this case the strategy estimates that moving from fall spring fertilizer application to spring preplant nitrogen application would reduce nutrient loss by 6% (with a standard deviation in practice performance of 25%) while the use of swine manure as compared to spring-applied fertilizer would reduce nitrate leaching by 4% (with a standard deviation in practice performance of 11%). Fields tests are needed to evaluate actual levels of nitrogen leaching response under field conditions with interpretations complicated by the presence of a growing crop and soil/leaching interactions with weather and field conditions. 
